images of noctilucent clouds (NLCs) have been recently shown to be useful to study KHI 48 -2-©2019 American Geophysical Union. All rights reserved. manuscript submitted to Geophysical Research Letters with high spatial and temporal resolution (e.g., Baumgarten & Fritts, 2014; Fritts et al., 49 2014 Fritts et al., 49 , 2019 . 50 The relatively limited number of observations of KHIs in the mesosphere show a 51 wide variety of spatial structures and alignments with respect to the background wind. 52 These observations are being complemented with direct numerical simulations (DNS) 53 and large eddy simulations (LES) . The studies are particularly suitable for MLT cases, 54 since they are characterized by high Reynolds numbers, i.e., O(10 3 ) (e.g. Fritts et al., 55 2014; Marino et al., 2015) . For example, the comparison of KHIs from NLC observations 56 with numerical simulations indicate a turbulent viscosity much larger (5 to 40 times) than 57 the true kinematic viscosity at the NLC altitude (e.g., Fritts et al., 2014) . 58 In this work we quantify in four dimensions a KHI event observed in the polar meso-59 sphere during summer. This unique observation has been made with the Middle Atmo-60 sphere Alomar Radar System (MAARSY) located in northern Norway. The clear quan-61 tification is possible due to an improved radar imaging of Polar Mesospheric Summer 62 echoes (PMSEs) that utilizes a Multiple-Input Multiple-output (MIMO) approach de-63 veloped by Urco et al. (2018) . Currently there is general consensus that PMSE are gen-64 erated by atmospheric turbulence, but require the presence of free electrons and charged 65 iced particles (e.g., Varney et al., 2011, and references therein) to increase the signal to 66 noise ratio of the echoes sufficiently to make them observable with relatively low power 67 atmospheric radars. Given that PMSE intensity depends on different parameters (tur-68 bulence, electron density, ice-particle density, electron density gradients, etc.), for this 69 work we only rely in PMSE as tracer of the undergoing atmospheric dynamics.
70
The present paper is organized as follows. We first start with a brief description 71 of the high resolution four dimensional radar observations and examples of what can be 72 measured. Then we present the wind dynamics around the event under study, includ-73 ing a description of how the background winds are obtained. The specific dynamics dur-74 ing the event and the KHI observations from PMSE are shown in Section 4. We end up 75 with the quantification of the KHI event and the discussion of its parameters and atmo-76 spheric conditions. using the multibeam approach at MAARSY. More specific details of this implementa-109 tion and other PMSE imaging examples can be found in Urco et al. (2019) .
110
In Figure 1 we show an example of a volumetric PMSE radar image using six dif-111 ferent two-dimensional cuts. There are four horizontal cuts at 83.8, 84.6, 85.4, and 86.2 112 km altitudes in the first row. The second row contains two vertical cuts, an East-West 113 cut at x = 0 km, and a North-South cut at y = 0 km. These cuts were obtained on 114 July 17, 2017 at 00:55:43 UT with 40 seconds of integration. The (x, y) coordinates are 115 with respect to the center of the MAARSY array. Doppler line-of-sight velocity infor-116 mation is shown with color. Red represents velocities away from the radar (around -10 117 m/s) and blue velocities towards (around 10 m/s) the radar. Green represents veloci-118 ties close to zero. The maximum velocities displayed are ±15 m/s. The intensity of the 119 colors represents signal-to-noise ratio (SNR) on logarithmic scale, following the conven-120 tion used in Urco et al. (2019) .
121
Given that the obtained resolution is ∼1 km in the horizontal direction at PMSE 122 altitudes, most of the shown features are of atmospheric origin. In the case of the cen-123 tral altitudes, the PMSE strengths are at least two orders of magnitude stronger than The temporal evolution of all these six two-dimensional cuts around the KHI event 131 under study can be found in Movie S1 that is included in the supplementary material.
132
Note that these types of observations have been obtained during a larger special cam- to have a higher meteor count and to obtain a zero-order Taylor expansion of the wind 146 field (mean winds) with temporal and vertical sampling of 5 min and 500 m, using win-147 dows of 1 hour and 2 km, respectively (Chau et al., 2017) . In order to observe the mean 148 wind in a relatively localized region around the imaged radar volume, we have used only 149 meteors that occur within 120 km horizontal radius around MAARSY. 4 Results
163
In this section we focus on the altitude dynamics around July 17, 2017 at 0055 UT 164 event using SMR winds, as well as on the temporal and spatial evolution using high res-165 olution PMSE images, i.e., around the KHI event of interest. Figure 3) , the resulting Ri is ∼0.15, i.e., 204 less than 0.25 that is necessary for sustained turbulence and thus occurrence of KHIs. 205 However, Ri < 0.25 is not a sufficient condition for KHI occurrence. For example, ac-206 cording to Kunze et al. (1990) the KHI growth rate is proportional to S − 2N over a 207 large range of Ri, then small N would result on small Ri and also small growth rates.
208
Our event is associated with a relative large growth rate and is expected to be accom-209 panied by a large growth rate (e.g., Hysell et al., 2012) . However the estimation of growth 210 rate required precised measurements of wind and temperature profiles (or N 2 ), that we 211 do not have. Therefore, we shall discuss other characteristics that support our conclu-212 sion, i.e., that the event is indeed a KHI.
213
In Figure 5 Fritts et al., 2014), but our resolution is not high enough to resolve them better.
230
In panels 5c and 5f we show simplified versions of the observed images and to help 231 with the interpretation we overplot the measured wind velocities, either from PMSE (ver- ground wind at the KHI altitudes, i.e., implying a small phase velocity.
238
Additional evidence that supports the KHI interpretation of this event are the thick-239 ness to separation ratio of L z /λ x ∼0.3 and the high vertical velocities accompanying 240 the billows (±12 m/s). If we compare this ratio to numerical studies with high Reynolds 241 numbers, the expected Ri is between 0.10 and 0.15 (e.g., Thorpe, 1973) . Using these length-scales and vertical velocity, it is possible to apply the theory of 243 stratified turbulence to explore some more details about the observed KHI event. By mak-244 ing the assumption that L x , L z , and U z are the characteristic lengths and velocity scales 245 of this event, and using the continuity equation, which has a non-divergent form in strat-
246
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From (2) it is possible to derive the characteristic horizontal RMS velocity:
15 m/s.
249
A turbulent dissipation rate ( ) can be obtained from the definition of an integral 250 length-scale L int ∼ U 3 / , which is an outer scale in homogeneous and isotropic turbu-251 lence. In the present case, the turbulent dissipation rate is defined as:
here we assume that the constant C = 1.0 (e.g., Gargett, 1999, Figure 8) . ancy period of ∼ 1005s, which is more than twice the value used above that represents 263 average background conditions. This is not surprising since N is known to be highly vari-264 able in the mesosphere (e.g., Li, Liu, & Swenson, 2005) . The new estimate of N is ob-265 tained locally and suggest that stratification effects inside the KHI event are negligibly 266 small.
267
The theory of strongly stratified turbulence states that there are only two non-dimensional 268 parameters that exclusively define the turbulence regime in sheared and stratified flows 269 (Lindborg, 2006; Brethouwer et al., 2007) . These two parameters are the horizontal Froude 270 number F r and the buoyancy Reynolds number Re b defined as: We have presented a high resolution volumetric radar imaging measurement of KHI The event is composed of up to six elongated ripples in the NS direction, propa-291 gating to the West at ∼30 m/s with separation between billows of ∼8 km, a layer thick-292 ness of 2.4 km, and billow width of less than 3 km. The necessary conditions for being 293 a KHI are satisfied, i.e., Ri < 0.25 using expected buoyancy periods, measured |dU/dz|, 294 scaling analysis, and comparisons with previous numerical simulations. Furthermore, based 295 on the observed parameters, the event occurs with F r ∼ 1 and high Re b , indicating con-296 ditions of weak stratification and a clear turbulent nature of the observed event, i.e., KHI.
297
Although we have focused on just one KHI event, we are certain that many more 
